A chlorothiazole-based hexamethylene divalent neonicotinoid and trivalent 1,3,5-tris[1-(6-chloronicotinyl)-2-nitroiminoimidazolidin-3-ylmethyl]benzene were synthesized, and tested for the insecticidal activity using American cockroaches by injection without (alone) and with synergists, piperonyl butoxide and propargyl propyl benzenephosphonate. The minimal lethal dose (MLD) in mol was 8.9 for the divalent compound alone, which was 4 times larger than that of the corresponding chloropyridylbased dimer. The MLD was 34 nmol for the trivalent compound, somewhat larger than for the divalent 1,3-xylenyl analog (20 nmol). The synergists combined enhanced their effectiveness about 8-20 times. Neurophysiological measurements were conducted using a nerve preparation containing the abdominal fifth and sixth ganglia of an American cockroach. The trivalent compound showed a pattern characteristic of neonicotinoids and its neuroblocking potency was 100 mM.
Introduction
Tethered divalent ligands have been prepared to improve drug potency and selectivity from the aspect different from that of monovalent ligands. 1) It is assumed that the primary role of the tether in a divalent drug is to reduce the loss of entropy that would occur upon binding two independent monomeric units. 1) The relationship between biological potency and the linker length has been discussed for bis-quaternary ammonium 2) and tacrine-based dimeric 3) acetylcholine esterase inhibitors, and many other divalent ligands. 1) We recently reported the first divalent neonicotinoid insecticides, alkylene-tethered bis-imidacloprid derivatives 4) and acyclic analogues. 5) The insecticidal activity was dependent on tether length and peaked in the hexamethylene compounds (1, 3) in both series. Here we prepared a chlorothiazolyl-based hexamethylene dimer (2) to examine its insecticidal behavior because the chlorothiazolyl group has been assumed to be a potent activator comparable to the chloropyridyl group. 6) Not just divalent drugs have unique biological behaviors. [7] [8] [9] We exploited a trivalent imidacloprid derivative, 1,3,5-tris(imidaclopridyl)benzene (5), and examined its insecticidal and neuroblocking activities in American cockroaches.
Materials and Methods

Preparation of compounds
All melting points (mp) are uncorrected. IR spectra were measured with a Perkin Elmer FTIR 1600 spectrometer. NMR spectra were obtained using a Varian Gemini 2000 C/H (400 MHz). The chemical shifts were recorded in d (ppm) and the coupling constant J in Hz. Mass spectra were recorded with a Jeol JMS-700.
1,6-Bis[1-(2-chloro-5-thiazolylmethyl)-2-nitroiminoimidazolidin-3-yl]hexane (2)
A suspension of sodium hydride (60% oil dispersion, 0.48 g, 12 mmol) in 20 ml of DMF was prepared. 1-(2-Chloro-5-thiazolylmethyl)-2-nitroiminoimidazolidine 10) (2.61 g, 10 mmol) was added to this suspension. The resulting mixture was then stirred for 1 hr at room temperature. 1,6-Diiodohexane (1.64 g, 5 mmol) was added dropwise to this reaction mixture over the course of 30 min while the reaction mixture was cooled with ice. The mixture was then stirred for 4 hr at room temperature. The DMF was distilled off under reduced pressure. The residue was shaken with a mixture of water and chloroform. 
1,3,5-Tris[1-(6-chloropyridylmethyl)-2-nitroiminoimidazolidin-3-yl]benzene (5)
A solution of imidacloprid (2.56 g, 10.0 mmol) in DMF (30 ml) was treated with sodium hydride (60% oil dispersion, 1.20 g, 10 mmol) on ice. The mixture was stirred at room temperature until no hydrogen evolved (about 1 hr) and then cooled again to 0°C. A solution of 1,3,5-tribromomethylbenzene 11) (357 mg, 1.0 mmol) in DMF (30 ml) was added dropwise. The cooling bath was set aside and the solution was stirred at room temperature for 48 hr. The reaction was quenched with one drop of acetic acid and the DMF was evaporated in vacuum. Chromatography on SiO 2 with ethyl acetate gave 124 mg (14% yield based on the tribromomethylbenzene) of product, which was purified by recrystallization from ethanol. 
Biological tests 2.1. Chemicals
Reagent-grade piperonyl butoxide (PB) was used as an inhibitor of oxidative metabolism. NIA16388 (propargyl propyl benzenephosphonate; NIA), which was originally reported as an inhibitor of the hydrolytic metabolism of tetramethrin, 12) a pyrethroid, was also used. Recently, Nishiwaki et al. evidenced the interference of the enzymatic hydroxylation at the imidazolidine ring of imidacloprid by NIA. 13) NIA was the same sample used in previous studies.
4,14-17)
Insecticidal test
The insecticidal test against male adult American cockroaches, Periplaneta americana L., was carried out as described previously. 4, [14] [15] [16] [17] Various volumes (1-10 ml) of each compound dissolved in dimethyl sulfoxide (DMSO) containing some amount of methanol were injected into the abdomen. Organic solvents alone in this range did not have any toxic effect. Details of the dosage were fundamentally the same as described previously. 18) The doses were varied every 1.25-fold on a molar basis. In some experiments, a methanol solution (1 ml) containing PB (50 mg) and NIA (50 mg) was injected 1 hr before injection of the test compound. The metabolic inhibitors in these amounts did not have any toxic effect. Three insects were used to test each dose of each compound and were kept at 24-26°C for 24 hr after the injection. The minimum lethal doses (MLD; mol) for the test compounds were determined and are listed in Table 1 . Each value is the mean of at least two experimental runs with a deviation of 0.64 to 1.6-fold.
Neurophysiological assay
The neurophysiological test of compound 5 was conducted as described previously. 4, 16, 17) In brief, a nerve preparation containing the abdominal fifth and sixth ganglia of a male adult American cockroach was excised and placed in a saline solution. One of two bundles of the nerve cord was taken up from the thoracic side with saline into a glass tube, in which a silver wire was set as an electrode. As the reference electrode, another wire was set outside the cut end of the tube. The silver wires were thinly coated with silver chloride. The number of spontaneous discharges that were larger than approximately 15 mV was consecutively counted with a pulse counter (MET-1100, Nihon Kohden, Tokyo, Japan) for every 30-sec period. The frequency was usually quite high for a few minutes after setting, and then normally subsided. When the frequency decreased to within a range of 30-400 counts per 30 sec for about 2 min, the saline solution was exchanged for another saline containing the test compound dissolved in methanol containing some amount of DMSO. The final concentration of the organic solvents was lower than 1% (v/v), which did not affect the nerve activity. Measurements were con- ducted at 22-25°C. The neuroblocking concentration of compound 5 (BC in M) to suppress the frequency below 10 counts/30 sec as defined previously 4, 16, 17) is listed in Table 1 .
Results and Discussion
The MLD of the chlorothiazole-based hexamethylene dimer (2) for the cockroaches was 8.9 nmol in the absence of the synergists PB and NIA. The value was about four times that of the corresponding chloropyridyl dimer (1) . The synergists enhanced the activity in the divalent alkylenes. 4, 5) Also, the insecticidal effect of compound (2) was potentiated by synergistic treatment to the one nmol level, and interestingly by the same enhancement ratio, about 8, as that of compound 1. In principle, the inherent insecticidal potency of a molecule appears when the enzymatic metabolism is eliminated by synergists. The present experiment shows that the thiazole moiety is an inferior activator to the pyridyl moiety in the alkylene-tethered dimers. The imidazolidine-type molecules like 1 showed greater insecticidal activity than the acyclic guanidine-type molecules like 3 for the chloropyridyl-based tether divalent molecules. 4, 5) A similar tendency was observed for the derivatives 2 and 4 of the thiazole-based dimers. Researchers [19] [20] [21] [22] [23] on the binding mode for "monovalent" neonicotinoids describe that there are at least two areas of interaction at the recognition site on the receptor, one in the negative tip of the nitro (cyano) group and the other in the guanidine (amidine) moiety. On the other hand, we presumed that there should be dual sites at an appropriate distance from each other on the receptor to accommodate a divalent ligand, judging from the obvious dependence of activity on the tether's length in both cyclic and acyclic divalent molecules. 4, 5) Chain molecules are assumed to be thermodynamically disadvantageous in the simultaneous approach to the dual sites on the receptor compared with the corresponding cyclic molecules because of more free rotation axes. That too would have resulted in the lower activity of thiazole-based acyclic divalent molecules. Several relevant biological systems have been reported for the binding of polyvalent molecules to the receptor. 1, [7] [8] [9] We prepared a trivalent neonicotinoid (5) by the triple coupling of imidacloprid with tribromomethylbenzene. The MLD value, both alone and with synergists, was somewhat larger than that of the divalent analog (6) . This phenomenon means that although the trivalent molecule (5) will bind to the dual binding sites on the receptor in a similar fashion to the divalent molecule (6), the additional anchor does not promote the binding to the receptor niche. The trivalent compound (5) exhibited a pattern characteristic of neonicotinoid insecticides for the insect central nervous system (data not shown), i.e. an increase in impulse frequencies immediately after the treatment followed by a drop to a level lower than the control. 4, [14] [15] [16] [17] The concentration needed to block of nerve impulses (BC) was 100 mM. This was much larger than the corresponding concentration of compound 1, a tethered bis-imidacloprid (Table 1 ). This tendency is made clearer by adding the potencies of the mono valent compound imidacloprid for comparison; the potency difference between the divalent molecule (1) and trivalent (5) compounds is much larger than the difference between 1 and imidacloprid. The present result suggests that the in vivo and in vitro activities of this type of trivalent compounds are inherently weaker than those of divalent derivatives like compound 1. 
